The past two decades have seen an explosion of research on the interaction of tectonics, climate, and denudation in evolving landscapes (Whipple, 2009) . A great deal of this work has focused on rates and patterns of bedrock river incision, rock uplift, and precipitation (e.g., Burbank et al., 2003; Dadson et al., 2003; Reiners et al., 2003) . The complexity of these processes has often led to simplifi ed conceptual or numerical models in which landscapes are assumed to rise slowly and steadily above a base level, with bedrock rivers incising just as gradually into the landscape. However, active tectonic uplift is a sporadic process when driven by earthquakes, and the geomorphic consequences of such events are poorly understood and documented. We focus on the question of how bedrock rivers react to seismic events: does an event increase the rate of river erosion by locally generating relief along the surface rupture, or does it impede erosion by generating landslides, which swamp the rivers with sediment and thus inhibit erosion? We show that, in fact, both of these effects are currently occurring along rivers in central Taiwan in response to the 1999 Chi-Chi earthquake, and that this one seismic event will cause spatially variable aggradation and incision in the river basin over periods of years to centuries. We begin with a description of the knickpoints generated by the fault scarp. We then explain our calculations of the mass of landslide material attributed to this earthquake and the time required for evacuating it. Finally, we discuss the results and implications for strath terrace development associated with the spatio-temporal variation in river incision and fl oodplain widening processes in seismically active regions.
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0.5 km to ~4 km since 1999. The depth of measured knickpoint erosion ranged from 1 to 18 m in January 2008, and mirrors the general magnitude of the coseismic vertical offset (i.e., higher to the north). The vertical coseismic displacement rapidly decays upstream and is minimal ~15 km east of the fault (Fig. 1) . We expect the vertical incision from the migrating knickpoints to decay at a comparable distance.
Paleoseismic work along this fault suggests an earthquake recurrence interval of ~500 yr (W.S. . Thus, the vertical incision accomplished within the fi rst several years of the 1999 event corresponds to a 2-36 mm/ yr incision rate when averaged over the entire seismic cycle. This is comparable to or greater than the ~3-5 mm/yr vertical component of slip over the Holocene for the Chelungpu fault (W.S. (Fig. DR1 in the GSA Data Repository 1 ) and may explain the lack of a persistent knickpoint at the fault. The inner channel on the Choshui transitions from a sharp rectangular geometry immediately downstream of the knickpoint to a diffuse and almost nonexistent inner channel within 2 km downstream, suggesting rapid destruction of the inner channel after the knickpoint passes (Figs. 1C and 1D ).
SEISMICALLY INDUCED LANDSLIDES
The earthquake triggered ~20,000 landslides within the 0.2 g coseismic vertical ground acceleration contour (Dadson et al., 2004) . Two years later, Typhoon Toraji initiated another 30,000 landslides in this area, an unusually large number for a typhoon, which likely represents a reduction in cohesion and friction by the shaking during the earthquake (Dadson et al., 2004) . The volume of material released by these landslides is calculated with a bounded power-law distribution of landslide area (Hovius et al., 1997) :
where A l is the landslide area. The minimum landslide area, A min , is 3600 m 2 , the detection limit of Dadson et al. (2004) , and 1 km 2 is the maximum area, A max . We are not aware of any landslides larger than this size in our basin nor do we see any evidence that such a slide occurred. Incorporating very large landslides would increase the sediment mass needing to be removed and thereby increase calculated evacuation times. The exponent, α, was calculated by matching the observed total landslide area (Dadson et al., 2004; Meunier et al., 2007) with that predicted by Equation 1 for both the earthquake, α = 2.1, and the typhoon, α = 2.7. Next, we assumed a landslide depth, d, using the scaling relationship proposed by Hovius et al. (1997) :
where ε is a scaling factor, and l is the landslide width (assumed to be A l 0.5
). This allows a calculation of landslide volume and mass for the 50,000 landslides caused by the Chi-Chi earthquake and subsequent typhoon Toraji. The range in α found above leads to a range in landslide volume and therefore a range in the evacuation time calculated below and shown in Figure 2 .
Our estimated landslide parameters suggest that the earthquake and subsequent typhoon produced ~0.5-1.3 × 10 4 Mt of debris within the 0.2 g ground acceleration zone, equivalent to stripping ~0.6-1.7 m of material off the landscape. This is a minimum value for the seismic and postseismic eroded material, as other typhoons caused enhanced landslide activity (Chen and Petley, 2005; Lin et al., 2008 ) that we do not account for here. This hillslope erosion accounts for a denudation rate of at least 1.2-3.4 mm/yr for an ~500 yr earthquake recurrence interval, comparable to island-wide average denudation rates of ~5.2 mm/yr from sediment load data and 1.5-6 mm/yr from thermochronology (Dadson et al., 2003) .
SEDIMENT EVACUATION
The rivers evacuating this pulse of sediment and not affected by the coseismic knickpoint are overwhelmed with sediment, effectively halting bedrock incision until most of the sediment pulse has washed downstream (Fig. 1B) . To explore the infl uence of this event on the longterm dynamics of these river systems, we calculate the evacuation time of this sediment pulse to compare to the frequency of a Chi-Chi type event. Landslide mass and sediment transport capacity are estimated for the Peikang River. The river is located 15-25 km east of the fault scarp ( Fig. 1) but within the 0.2 g ground acceleration zone (Dadson et al., 2004) . Bed-elevation records from a gauging station in this reach reveal 3.4 m of aggradation in the 6 yr following the earthquake, and fi eld observations between 2006 and 2008 revealed that this aggradation persists (Fig. DR2) . Further, electrical resistivity surveys reveal signifi cant sediment cover throughout the study reach (Hsu et al., 2010) .
The study area of the Peikang River basin covers ~10% (at the upstream end) to 18% (at the downstream end) of the area affected by intense landslide activity as mapped by Dadson et al. (2004) , requiring ~1-2 × 10 3 Mt of material to be removed. We assume that 10% of this sediment is removed by bedload. Our value of 10% is a conservative estimate as landslides tend to generate coarse material (e.g., Attal and Lavé, 2006) ; however, the study reaches are downstream from the low-order basins where most of the material is produced and thus fl uvial processes (abrasion, sorting) lower the fraction of bedload. We divide the river in the study area into fi ve reaches based on similar morphology and Holocene incision rates and calculate two time scales for each reach. The fi rst time scale, t 1 , assumes that the reach can evacuate all of the material upstream of and local to the reach at its local transport capacity, and is calculated t 1 = M h /Q T , where Q T is the local transport capacity integrated over 32 yr of daily fl ows (linearly scaled upstream and downstream with drainage area), and M h is the total volume of landslide material that must be evacuated. Q T is calculated with a Meyer-Peter and Müller (1948) formulation of bedload transport capacity (Fig. 2B) :
where ρ s is the density of a sediment grain (assumed to be 2.65 g/cm 3 ), ρ is the density of water, W is channel width, D is the median grain size (assumed to be uniform at 10 cm based on >2000 measured clasts), τ c * is the critical Shields stress (0.03), and τ b is the local shear stress calculated with fi eld and remote measurements of channel morphology.
The second time scale, t 2 , is a lower bound of the evacuation time and accounts for situations in which the upstream reach has a lower transport. In these cases, we assume that the excess transport capacity (compared to the upstream reach) is used to transport locally derived landslide material. This is the material that enters between the upstream and downstream ends of the local reach and is calculated by using the difference in contributing drainage area between the ends. This time scale is calculated t 2 = M L / (Q LT − Q UT ), where Q LT and Q UT are the local and upstream transport capacities, and M L is the local landslide mass.
DISCUSSION AND CONCLUSIONS
Along the reach located ~46-50 km from the headwaters, Holocene bedrock incision rates are ~1-2 mm/yr . Field evidence and electrical resistivity data (Hsu et al., 2010) indicate signifi cant modern aggradation, including buried bridge piers (Fig. 1B) . Other rivers infl uenced by landslide debris aggraded 18 m in places (Chen and Petley, 2005) . Even during the large fl oods associated with typhoons, this reach currently undergoes no vertical bedrock incision as the upstream landslide material is evacuated from the hillslopes and low-order basins. The reach will require ~250-600 yr to remove the upstream sediment pulse (Fig. 2D) if the calculated transport capacity is maintained. Following evacuation, enhanced erosion rates (>1-2 mm/yr) must occur if the reach continues to incise at the measured Holocene rates.
The reach located ~54-60 km downstream of the headwaters has the highest transport capacity (Fig. 2) . However, sediment cover is still signifi cant and clearly on the order of meters above the thalweg ( Fig. DR2 ; Hsu et al., 2010) . Since this reach should be able to transport out the material delivered by the lower transport capacity reach upstream, the persistence of the alluvial cover in this reach can most simply be explained by the addition of locally derived material. Assuming that the reach immediately upstream will deliver bedload at its capacity, these reaches will take ~10-30 yr to evacuate the excess local material delivered by tributaries and adjacent hillslopes (Fig. 2D) . Although bedrock incision may occur during fl ood events that locally scour to bedrock, it likely occurs at a much reduced rate due to the thickness of alluvial cover (Hsu et al., 2010) . After this excess material is gone from the lower order basins, the river will have access to bedrock along the bed and vertical bedrock incision will resume until the next earthquake.
Lateral widening is not reduced by bed aggradation in either the high-or low-capacity reaches. In fact, repeat fi eld observations between 2006 and 2008 revealed erosion of meter-scale blocks along the river banks during typhoon seasons. Periods of lateral widening and no vertical incision produce planar strath terrace surfaces that are abandoned when vertical incision is recommenced (or, for example, when a large earthquake on the nearby Shuilikeng fault generates a local knickpoint). These planar surfaces, far from the coseismic deformation fi eld, can become especially wide during periods of enhanced earthquake frequency on more distant faults such as the Chelungpu.
The short evacuation time in the high-capacity reach could explain the difference in incision rates between the low-capacity and high-capacity reaches (Fig. 2) , as the latter is exposed to active bedrock incision more frequently than the former. The greater incision in the high-capacity reach corresponds to a zone of higher rock uplift due to the Shuilikeng fault . This suggests that in central Taiwan, alongstream variations in stream power and shear stress correlate with incision rate and rock-uplift rate because they infl uence the response time of each river reach to the seismically induced increase in sediment delivery. For a channel to attain steady state over millennial time scales (i.e., incision rate equals rock-uplift rate), it must have a morphology (width and slope) that is able to both transport earthquake-generated sediment pulses out of the basin and also make up for the reduction in erosion rate while this major evacuation period was ongoing. Hence, channel morphology along the Peikang River is controlled both by local base-level effects and by seismically triggered landsliding.
We conclude that following a large earthquake, incision rates are signifi cantly lowered and in some cases arrested in reaches distal to the fault. The duration of this reduction is a fundamental control on long-term bedrock river incision and will depend on local transport capacity, upstream transport capacity, and the magnitude of earthquake-generated sediment supply. For reaches with relatively low transport capacity and far from the fault, the majority of vertical bedrock incision occurs late in the seismic cycle (Fig. DR3) , while lateral erosion processes occur throughout. A second important time scale is the time required for the earthquake-generated knickpoint to arrive at the local river reach. These time scales, along with the height of the knickpoint when it arrives (relative to the total incision depth between earthquakes), will dictate whether vertical bedrock incision is accomplished primarily via knickpoint migration or fl at-bed processes of erosion. In any case, it is clear that the bed state of a bedrock stream in a seismically active region is variable through time.
Our results lead to a conceptual model than can be applied to many active tectonic settings (Fig. 3) and that has signifi cant implications for the development and preservation of bedrock strath terraces in seismically active areas. In channel reaches distal to the fault and further into the thrust belt (but still subject to ground acceleration), periods of frequent earthquake activity result in the reduction or cessation of vertical incision processes, yet continued lateral widening will generate planar bedrock surfaces mantled by alluvium ( Fig. 3; Fig. DR3 ). Long after a major earthquake, the river may have had enough time to evacuate the sediment pulse and reinitiate downcutting. If the vertical incision is signifi cant enough, the river will abandon the strath levels that were initially generated during previous earthquake cycles. Thus terrace surface ages (i.e., the age at which the surface is no longer fl ooded) will correlate to periods of seismic quiescence. Further, as our schematic drawing suggests (Fig. 3) , reaches with relatively low transport capacity (and distal to the fault) will have relatively wide planar strath surfaces, as observed along our study river .
Proximal to the fault, vertical coseismic offset causes rapid downcutting, which will abandon previous fl oodplain levels where water depths are less than the magnitude of ground deformation. After the passage of the coseismic knickpoint, lateral widening and the creation of wide planar surfaces will continue until the surface is abandoned by another large seismic event. Thus near the fault, abandoned strath surfaces should correlate with seismic events. Another prediction our model suggests is that strath terraces proximal to the seismic event will be truncated at the fault, which is observed (Fig. 1) .
The results presented show that surfacerupturing earthquakes infl uence river-incision processes in a manner that depends on the proximity of the river to the fault. Near the Chi-Chi fault scarp, the majority of vertical bedrock incision is accomplished within years to decades of the earthquake. Conversely, the Peikang River, located 15-25 km east of the fault scarp, undergoes strongly reduced or even halted incision due to the pulse of sediment associated with earthquake-induced landslides. Nonsteady erosion at time scales of decades to centuries, along with the spatial variability in erosion processes, has implications for measuring bedrock channel incision rates and morphology, the formation of strath terraces, and the controls of landscape evolution within seismically active regions.
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